Objective: HIV patients have increased atherosclerotic coronary vascular disease (ASCVD), thought to be mediated through inflammatory mechanisms. We hypothesized that among asymptomatic HIV-infected patients with subclinical coronary plaque, statin therapy would modulate unique inflammatory and cardiovascular proteins in relation to change in subclinical coronary plaque volume. We tested this hypothesis using a novel proteomics approach.
Introduction
Patients living with HIV (PLHIV) have an increased risk of myocardial infarction and heart failure, related to increased traditional risk factors, heightened systemic immune activation and generalized inflammation [1] [2] [3] [4] . The nature of this signal is not clear and may be changing with more focus on cardiovascular disease (CVD) risk by HIV clinicians [5] , fewer co-infections, changing patterns of drug use and other factors. It is clear, however, that antiretroviral therapy alone may not completely eliminate immune activation and arterial inflammation [6] . More aggressive therapies with statins may reduce CVD in HIV, and specific studies are now underway to assess the effects of statins to prevent CVD in PLHIV. Importantly, statins have pleiotropic effects and strategies are needed to identify the multiple potential pathways by which statins might reduce plaque in HIV. Serial measurement of soluble protein biomarkers reflecting cardiac specific and/or vascular pathophysiology offers an attractive methodology to provide unique insights into both the rapid progression and potential early efficacy of treatments of subclinical CVD in PLHIV. To this end, we have previously shown that PLHIV have higher soluble ST2 (sST2), galectin-3 and high-sensitivity troponin T (hs-cTnT) levels than non-HIV controls [7] . In PLHIV, sST2 is associated with evidence of diastolic dysfunction and both sST2 and Growth differentiation factor-15 (GDF-15) are strongly associated with all-cause mortality [8] . Biomarkers of inflammation and thrombosis have also been associated with increased risk of mortality in PLHIV [9] . Moreover, markers of immune activation have been shown to relate uniquely to plaque volume and arterial inflammation in cross-sectional studies of HIV patients [10, 11] .
Statins are a potentially useful treatment strategy for CVD in HIV, given their effects on multiple inflammatory and immune pathways, including pathways relevant to monocyte activation (sCD14), arterial inflammation (LP-PLA2) and lipid oxidation [oxidized low-density lipoprotein (LDL)], beyond effects on LDL-cholesterol concentrations [12] [13] [14] . In longitudinal studies, we recently demonstrated that 1 year of 'high-intensity' atorvastatin therapy resulted in a significant reduction in sST2 versus placebo independent of LDL-lowering [15] . Others have shown that another high-potency statin, rosuvastatin, is associated with a reduction in aminoterminal B-type natriuretic peptide levels [16] . There is increased recognition that even well suppressed HIV infection is associated with multiple novel mechanisms that rapidly accelerate CVD compared with non-HIVpositive patients with similar traditional CVD risk-factors [2, 6] . A traditional 'knowledge'-based approach to biomarker selection seeks relevant soluble proteomic biomarkers, typically based on insights from non-HIVinfected populations, to provide mechanistic insights for subclinical disease progression and to prevention of atherosclerotic coronary vascular disease (ASCVD) events in PLHIV. This methodology is both slow and expensive. Recent introduction of a hybrid antibody-aptamer technology now provides a high-precision 'discovery' approach to measuring large panels of soluble proteinbased biomarkers, overcoming the methodological limitations of earlier multiplex technologies, to provide new insights into the traditional and novel mechanisms underlying the rapid progression of ASCVD in PLHIV [17] [18] [19] . This is also an opportunity to develop a panel of biomarkers that provide early signals to the efficacy of specific preventive therapies in PLHIV; in other words, a 'precision medicine' approach.
In this proof-of-concept study, we took advantage of a recently completed randomized statin study in PLHIV in which changes in coronary plaque were measured using coronary computed tomography angiography (CCTA), hypothesizing that we could identity from a large panel of novel soluble proteins those that respond, unique from LDL-lowering, to high-intensity statin therapy versus placebo. Furthermore, we sought to discover soluble proteins whose change in level in response to statin therapy was related significantly to changes in coronary plaque volume over the course of a year.
Methods
Study design and patient population This study was a single center, 12-month randomized, double-blind, placebo-controlled clinical trial with enrollment starting in 2009 and completion of the last study visit in 2013. The study design and primary results have been previously reported [20] . Primary results of the study demonstrated significant effects of statin treatment on reducing coronary plaque volume. In summary, men and women with HIV disease were screened. Participants enrolled were 18-60 years old, HIV-infected, on stable antiretroviral therapy (ART) without history of CVD, with evidence of subclinical plaque on CCTA. LDL-cholesterol was between 70 and 130 mg/dl, and participants did not meet guidelines at the time of the study for statin therapy [20] . Participants were randomized in a 1 : 1 ratio to either atorvastatin (starting at dose of 20 mg per day and escalating to 40 mg per day at the 3-month visit) or placebo groups. All participants received standardized lifestyle counseling based on NCEP guidelines. All participants provided written informed consent and the study was approved by the MGH institutional IRB. The trial is registered on ClinicalTrials.gov (NCT00965185).
Proteomic biomarker assessment
Plasma ethylenediaminetetraacetic acid samples collected from study participants at baseline and at 12 months and stored at À80 8C, were sent to Olink Proteomics (Watertown, Massachusetts, USA) for analysis of 184 unique proteins. Analyses were performed using a highthroughput technique using the Olink Cardiovascular III (CVD III, n ¼ 92 proteins, http://www.olink.com/products/cvd-iii-panel/) and Olink Cardiometabolic (n ¼ 92 proteins, http://www.olink.com/products/cardiometabolic-panel/) panels. Each panel measures 92 selected proteins simultaneously in plasma samples. The kits use a proximity extension assay (PEA) technology, where 92 oligonucleotide-labeled antibody probe pairs are allowed to bind to their respective target present in the sample [18, 19] . The PEA technique has a major advantage over prior multiplex immunoassay technologies in that only correctly matched antibody pairs give rise to a signal, providing high specificity and allowing for the accurate assessment of change in levels over time with repeated measures. Individual proteins and the coefficient of variation with repeated measures are shown for the Cardiovascular III and the Cardiometabolic panels in Supplemental Tables 1 and 2 , http://links.lww.com/ QAD/B223, respectively. More comprehensive characteristics of the PEA technique, performance characteristics of the panels and the individual protein assays within each panel can be found at http://www.olink.com/products/ document-download-center/.
Coronary computed tomography angiography protocol and analysis CCTA was performed as previously described on a Somatom Definition Flash 128-slice dual source computed tomography (Siemens Medical Solutions, Forchheim, Germany) according to the guidelines of the Society of Cardiac Computed Tomography (SCCT) at enrollment and 1-year follow-up [20] . For assessment of total plaque in CCTA data sets, cross-sectional and multiplanar reconstructed images were assessed for the presence and qualitative composition of atherosclerotic plaque for each coronary artery segment defined by the SCCT model [21] .
Statistical methods

Overall approach
In this analysis, we took two distinct discovery approaches to identify relevant proteins representing potentially important novel immune and inflammatory cardiac pathways in HIV that responded to statins relative to placebo in a controlled trial and simultaneously changed in relationship to total coronary plaque. With each approach, we identified markers in exploratory, hypothesis-generating analyses, to determine novel areas for future investigation and to narrow down and exclude pathways of lesser relevance to statin effects on plaque in HIV. Moreover, we overlapped each approach to determine a novel set of proteins that both changed in relationship to statin and related to change in plaque but not LDL. For each exploratory analysis, we cast a broad net, without correcting for multiple comparisons in this hypothesisgenerating study in which we aimed to show for the first time, the potential power of 'discovery' proteomics to advance our understanding of statin biology in HIV, with the expectation that this approach could be recapitulated in larger studies with expanded endpoints.
Analysis of statin effects on individual proteins
We compared the means of the within-patient changes in these proteins in the atorvastatin versus placebo groups using the independent samples t-test for each protein. The t-statistics for the treatment effects as well as corresponding P values were determined. In order to plot the treatment differences using a common descriptor, we used the t-statistic, creating a waterfall plot, taking into account directionality of change relative to placebo. For proteins with relatively large treatment effects, for example, an absolute value of t-statistic greater than 2.0, or P value less than 0.05, we determined absolute changes in the levels of the proteins in each arm, to further determine directionality and magnitude of the change, relative to baseline.
Analysis of relationship of change in proteins with change in plaque, low-density lipoprotein, highsensitivity C-reactive protein and sCD14
We next conducted correlation analysis to estimate Pearson's linear correlation coefficient, r, of the change in each protein with the change in total plaque volume, LDL, hs-CRP, a marker of generalized inflammation and sCD-14, a marker of immune activation and innate immunity among all the participants, in both groups combined (atorvastatin and placebo). In this analysis, r values at least 0.32 corresponded to P < 0.05. We created a waterfall plot of these r values for each protein in relationship to change in coronary plaque volume to show the strength and directionality of the relationship with change in plaque volume.
Examination of overlapping proteins in the two discovery approaches
We examined the outputs of each approach to identify overlapping proteins meeting these prespecified conditions, for example, changing in response to statin treatment, in relationship to change in plaque volume.
Results
Characteristics of the participants at baseline Eighty-one HIV-infected participants underwent screening for this study. Forty participants were randomized to atorvastatin or placebo. Demographic, clinical characteristics, lipids, immunologic and systemic inflammatory markers of these 40 study participants have previously been described [14, 20] and are also shown in Supplemental Table 3 , http://links.lww.com/QAD/B223. Participants were all on antiretroviral therapy and most participants had undetectable viremia, with similar immunological and virological indices between groups. All participants had started ART more than 2 years prior to initiating the study and all were on a stable regimen for at least 6 months prior to study initiation. After randomization, one out of 21 participants in the placebo group and two out of 19 in the atorvastatin group discontinued and did not have a 12-month evaluation, resulting in a similar discontinuation rate between groups.
Changes in protein biomarkers in the atorvastatin group versus placebo Compared with placebo, atorvastatin treatment was associated with decreases in five proteins (TFPI, CCL24, MBL2, LTBR, PCOLCE) and an increase in one protein (NT-Pro BNP) that achieved an absolute t-statistic greater than 2.0 (P < 0.05) of the 184 proteins tested. The distribution of the mean differences in levels over time for atorvastatin versus placebo for all 184 proteins are standardized and shown as a function of the t-statistic in the waterfall plot shown in Fig. 1 . An additional six proteins demonstrated a P value of less than 0.1 for change over time in the atorvastatin versus placebo groups. In Table 1 , a summary is provided for selected proteins with placebo versus atorvastatin between group longitudinal mean changes associated with P values less than 0.05 and less than 0.10.
870
AIDS 2018, Vol 32 No 7 Association of biomarker level changes with change in coronary plaque volume As previously reported, participants receiving atorvastatin had a decrease of À4.7% (À25.4, 15.9) in total coronary plaque volume in contrast to participants taking placebo who had a 18.2% (1.5, 59.9) increase in total plaque volume (P ¼ 0.01). Mean change in all 184 protein levels, among the combined group of patients in the atorvastatin and placebo groups, were individually correlated with change in total coronary plaque volume over 1 year. The correlation coefficients (r values) across the 184 proteins are shown in the waterfall plot in Fig. 2 . Using a threshold of an r value at least 0.32, corresponding to a P value less than 0.05, we identified two proteins whose mean change in levels positively correlated with change in overall plaque volume and 24 whose mean change in levels were negatively correlated to change in plaque volume (i.e. the levels rose as plaque volume decreased). We had previously reported that atorvastatin therapy was associated with not only a reduction in overall plaque volume but also reductions in markers of innate immunity, for example, sCD14 in this HIV cohort. We sought to explore the association of these novel 26 proteins with changes in LDL cholesterol, hs-CRP and sCD14 levels ( Table 2) . Generally, the change in the levels of these 26 proteins that were associated with change in total plaque volume had minimal association with changes in LDL cholesterol and generalized inflammation. Using these strategies, we found two proteins, PCOLCE and CCL16 that changed with atorvastatin therapy and simultaneously associated with change in total coronary plaque volume (Fig. 3) .
Discussion
To our knowledge, this is the first application of a large proteomic discovery platform applied to PLHIV to investigate novel mechanisms associated with non-LDLlowering effects of statin therapy and plaque regression.
Our data suggest novel mechanisms associated with effects of statin therapy to reduce coronary atherosclerosis plaque volume in HIV -using panels of proteins identified in advance for their role in cardiovascular physiology. We recognize that this is a pilot study for feasibility suggesting trends for specific biomarkers that would need to be reconciled in a larger cohort. PLHIV are potentially an ideal population to evaluate a larger discovery-based panel of cardiac-related biomarkers. Inflammation remains a driving factor for premature atherosclerosis in PLHIV despite undetectable viral loads [2, 6] . Imaging has shown not only increased total coronary plaque volume versus demographic and traditional risk factor-matched controls but also a selective increase in noncalcified plaque, which is most vulnerable to sudden rupture, acute coronary syndrome or sudden death [22, 23] . Epidemiologic data confirms PLHIV are at higher risk of myocardial infarction (MI) events with an overall 50% higher risk after adjustment for demographics and this differential of risk continues to increase [24] . Furthermore, imaging studies with PET have identified vascular inflammation in the aorta that is present to the same extent as patients with known coronary vascular disease [10] . Recently, investigators using cell and animal-based models have identified novel mechanisms of inflammation associated with HIV that may drive premature atherosclerosis [2] . Some PLHIV have also been identified as having lipodystrophy associated with an increase in visceral fat with and increased activation of the renin-angiotensinaldosterone system [25] . Therefore, PLHIV are exposed to the direct chronic inflammatory effects of the virus, as well as indirect effects such as lipodystrophy and other mechanisms such as translocation of bacteria through the impaired immunologic defense of the intestinal wall [26, 27] .
We and others have previously shown that statin therapy modulates unique cardiovascular proteins that are associated with a poor cardiovascular prognosis in patients with and without HIV infection [7, 8, 16, 28] . Specific to PLHIV, we have shown that although statin therapy remains a potent therapy to reduce LDL levels, it is also associated with reduction in measures of innate immunity, such as sCD14 [12, 29] . Early and accelerated progression of atherosclerosis in PLHIV compared with age, sex and traditional cardiovascular risk factor-matched controls likely reflects pathophysiology unique to HIV infection, even when well suppressed [2] . These mechanisms are incompletely understood, but include immune cells; with Tables 1 and 2 , http://links.lww.com/QAD/B223. Fig. 3 . Intersection of discovery approaches. The potential intersection of proteomic biomarkers that are influenced by atorvastatin therapy and those associated with total coronary plaque volume. Proteins shown on the left in blue change in response to statin versus placebo. Proteins shown on the right in red are those with changes significantly associated with change in total plaque. Protein levels that change in response to atorvastatin and whose change is associated with change in total coronary plaque are shown at the intersection of the circles in purple. For details on change with statin versus placebo and degree and direction of change with plaque, see Tables 1 and 2 . For full list of abbreviations, see Supplemental Tables 1 and 2 , http:// links.lww.com/QAD/B223. more rapid induction of HIV-infected macrophages to foam cells through the HIV Nef protein and singlestranded RNA inhibition of cholesterol efflux; as well as chronic T-cell activation with subsequent endothelial cell activation and atherogenesis [30, 31] . PLHIV also have greater oxidative stress that can lead to increased endothelial dysfunction and oxidation of LDL [32] [33] [34] . HIV can inhibit autophagy and this may play an important role in HIV-specific plaque progression and instability [35] . Additional mechanisms have also been proposed to account for the early and vulnerable nature of inflammation-driven atherosclerosis in PLHIV [2] .
Evaluation of proteomics allows assessment of not only the novel influence of the HIV infection but also the interaction with traditional risk factors and environmental factors on atherosclerosis. Furthermore, assays with adequate precision allow for serial measures to provide critical longitudinal information that can reflect the natural history of the disease and the influence of a therapeutic intervention. For example, we previously showed using a high-sensitive cardiac troponin assay, reflecting myocyte injury, in asymptomatic older adults without HIV that a modest increase in level over time identified participants at the highest risk for cardiovascular events and a simple intervention such as moderate exercise could mitigate this rise in level [36, 37] . Others have shown that a moderate-dose statin can show a similar effect to blunt the rise in cardiac troponin [28] . Such findings are examples of how biomarkers can reflect the progression of subclinical CVD and could potentially be used as indicators of early efficacy of a therapy. The complexity of HIV infection on the development and progression of atherosclerosis likely defies the ability of a single soluble protein biomarker to longitudinally track progression of subclinical atherosclerosis and measure the efficacy of a pleiotropic therapy, such as atorvastatin in PLHIV. Single protein ELISA type assays have been used by us and others to provide mechanistic insights and prognostic information, demonstrating that statin therapy reduces immune activation [12] and reduces the level of a cardiovascular prognostic marker sST2, potentially reflecting improvement in endothelial function and cardiac fibrosis [15] .
The PEA methodology by Olink Proteomics provides for the first time the ability to measure large panels of soluble proteins and follow their longitudinal change over time with adequate precision such that these changes in levels can be associated with a therapeutic intervention (atorvastatin) and the disease progression of interest, coronary atherosclerosis. This work suggests there are multiple novel protein levels that change as the result of high-intensity statin therapy and are associated with change in the volume of coronary atherosclerotic plaque that appear unrelated to changes in LDL cholesterol or general inflammation markers. Identification of these novel proteins would be challenging using single assay proteomics and a 'knowledge'-based approach to choose assays in a field where many novel mechanisms remain to be discovered. We suggest a technique where one can look at the intersection of proteins that change over 1 year as a result of high-intensity statin therapy and are also associated with change in coronary plaque volume potentially providing novel insights into the non-LDL cholesterolrelated mechanisms of coronary atherosclerosis and the pleiotropic mechanisms of statin therapy in PLHIV. Our findings of non-LDL lowering associations with statin treatment and coronary plaque progression related to inflammation has precedence in the general population. In the REVERSAL study, change in hs-CRP levels, a measure of generalized inflammation was found to be only weakly associated with change in LDL levels (r ¼ 0.13), but both change in CRP and LDL cholesterol levels were independently associated with change in coronary plaque volume [38] . Our findings suggest similar overlap with two proteins lowered by high-intensity statin, not associated with LDL lowering, and in this study also not associated with change in CRP level. These two proteins include: chemokine ligand 16 (CCL16) and procollagen Cendopeptidase enhancer (PCOLCE). CCL16 is a chemokine when activated that promotes monocyte recruitment [39] . CCL16 may also have a role in vascular endothelial cell migration and potentially, angiogenesis to form new capillaries in some models [40] . PCOLCE1 and 2 are expressed within the myocardium and play an important role in myocardial fibrosis through the conversion of procollagen to collagen so that it may be incorporated into insoluble fibrils. In a pressure overload mouse model, PCOLCE2-null versus wild type mice exhibited less myocardial collagen content and less muscle stiffness [41] . PCOLCE is also upregulated in response to aldosterone [42] . These findings are relevant to PLHIV who have both increased aldosterone production and evidence of asymptomatic cardiac fibrosis [25, 43] .
Though a focus of this study has been to demonstrate a methodology to identify novel proteins changing with atorvastatin therapy relative to placebo, in association with change in total coronary plaque volume, atorvastatin may also influence proteins with important prognostic information not associated with change in coronary plaque volume. One such protein is tissue factor inhibitor (TFPI), which was recently shown to be elevated in PLHIV [44] . Tissue factor is produced by activated monocytes, prevalent in PLHIV, and represents an extrinsic mechanism for thrombosis important for the conversion of stable atherosclerosis to an acute coronary syndrome. Reduction in TFPI levels, a counter regulatory protein to tissue factor, as suggested for the first time in HIV in this study, likely reflects a reduction of tissue factor (which has a shorter half-life challenging invitro diagnostic measures).
The limitations of this proteomics discovery feasibility study are two-fold. First, based on the number of biomarkers studied and the relatively small number of study participants, false discovery would be anticipated. In contrast, we purposely sought to identify proteins through two broad but differing approaches and then view the intersection of these approaches in a prespecified fashion to obtain a limited number of highly relevant proteins. An advantage in this regard is that we used data from a highly informative randomized, placebo-controlled longitudinal intervention trial with deep phenotyping to assess plaque changes. Nonetheless, definitive conclusions cannot be made whether changes in these specific biomarker levels with respect to atorvastatin therapy could be used to develop a precision medicine strategy to identify the efficacy of high-intensity statin therapy to reduce ASCVD events or induce coronary plaque regression.
Rather we aim to demonstrate the potential utility of this approach to identify novel proteins, as we have done in this study. Ultimately, whether a discovery approach to proteomics, now with the methodological precision to evaluate change over time, can be utilized to identify PLHIV who will have a reduction in ASCVD events from long-term statin therapy, and whether these findings are associated with significant regression of coronary atherosclerosis, will need to be answered in subsequent larger studies. Importantly, it will be interesting to contrast the results obtained here among HIV patients in similarly designed statin studies among non-HIV patients to further identify HIV-specific proteins that may be mechanistically involved in mediating nontraditional statin effects on plaque in HIV. If further studies bear out an important set of proteins, these could ultimately be assessed in largescale, events driven trials such as the 6500 participant NIH-sponsored randomized trial to prevent vascular events in HIV (REPRIEVE, NCT02344290). Finally, as with any proteomics approach, we cannot determine causality per se, and further studies will need to assess, for example, how the fibrosis or monocyte chemoattraction pathways identified in this study mechanistically relate to statin effects on plaque in HIV.
In conclusion, observations from our randomized trial suggest for the first time that statin therapy may reduce several novel proteins in PLHIV implicated in CVD. Furthermore, the use of large panels of protein-based precision assays to measure longitudinal changes could provide both mechanistic insights into the unique nature of HIV-accelerated atherosclerosis and therapies targeting more than just lowering of LDL cholesterol. Further studies are now needed to confirm and extend these findings.
